Lawsonia intracellularis is an intracellular organism that causes proliferative enteritis in pigs. This bacterium is difficult to culture, and antemortem demonstration of the microbe is therefore often performed on fecal samples by polymerase chain reaction (PCR). Polymerase chain reaction is sensitive and specific, but inhibitory factors in feces might cause false-negative results. This article describes the construction and use of an internal standard, a mimic. The mimic is amplified by the same primers as those used for L. intracellularis DNA and thus could indicate false-negative results in clinical samples. The amplicon was clearly visible when as few as 10 mimic molecules were added per amplification reaction and when no inhibitors were present. When fecal samples were spiked with the mimic, the detection limit was 10 2 molecules per PCR. Sixty clinical samples, 20 from wild boars, 20 from growing pigs with diarrhea, and 20 from pigs without diarrhea, were prepared by a boiling procedure and subjected to PCR together with 10 3 mimic molecules. Nine samples were positive, of which 7 originated from pigs with diarrhea and 2 from pigs without diarrhea. In 14 samples from wild boars, in 8 samples from pigs without diarrhea, and in 3 samples from pigs with diarrhea, neither the mimic nor the target DNA was visible. This indicated the presence of inhibitors in these samples. It is concluded that the mimic can be used as an internal control in the diagnosis of L. intracellularis to indicate inhibition of PCR.
Lawsonia (L.) intracellularis is an obligate intracellular bacterium that causes proliferative enteritis in pigs. 6 The acute form of the disease is characterized by hemorrhagic enteritis, resulting in high mortality rates in susceptible herds. The chronic form of this disease is manifested as retarded growth and diarrhea in growing pigs. 12, 16, 18 The disease appears to be widespread in swine populations all over the world (Moreno AM, et al.: 2000, The 16th IPVS Cong., Melbourne, Australia, p. 63; Ohlinger VF, et al.: 2000, The 16th IPVS Cong., Melbourne, Australia, p. 71). 12 Because the microbe is difficult to isolate and culture, diagnosis antemortem is usually based on different molecular or immunologic techniques (Guedes RCM, et al.: 2000, The 16th IPVS Cong., Melbourne, Australia, p. 61). 7, 9, 13 Polymerase chain reaction is a highly sensitive and specific molecular technique 15 that is often used to diagnose different diseases. 2, 5, 9 At present, it is the most sensitive test to detect the shedding of L. intracellularis in feces. 4 Despite the generally high sensitivity of PCR, false-negative results constitute a potential problem when the technique is applied to fecal sam-From the Department of Large Animal Clinical Sciences, Faculty of Veterinary Medicine, Swedish University of Agricultural Sciences, S75007 Uppsala, Sweden (Jacobson), the Department of Bacteriology, National Veterinary Institute, Uppsala, Sweden (Englund) , and the Fermentation Pilot-Plant, Uppsala University, Uppsala, Sweden (Ballagi-Pordány).
ples. This phenomenon may be caused by a poor recovery rate in the sample preparation method or by the presence of various PCR-inhibitory factors in the feces. 2, 3, 10, 19 A method to detect PCR inhibition using an internal standard has been previously described. 17 The technique is based on a DNA molecule, a mimic, that differs in sequence from the target template but uses the same primer recognition sites, which allow it to mimic the template through the PCR amplification. The mimic amplicon differs in size from the target amplicon and could thus be separated and distinguished by gel electrophoresis. The technique has been further developed for detecting some viral and bacterial diseases. 1, 5 The aim of the present study was to develop an internal standard, a mimic, that could be used to demonstrate the presence of PCR-inhibitory factors in fecal samples subjected to analysis for L. intracellularis. This would facilitate the interpretation of negative results and thus further strengthen the reliability of the diagnostic method.
Materials and methods
Mimic-producing PCR. The mimic was constructed as previously described, 1 and 2 primers were synthesized accordingly. a The primers were used in a mimicproducing PCR (MP-PCR), where a fragment of human ␤-actin DNA b served as the template. The DNA of human ␤-actin differs from any bacterial or pig DNA that could be expected to be found in the sample, and thus the formation of heteroduplexes should be avoided. 1 The upstream primer (61-bp long) was composed of a part of the human ␤-actin DNA sequence at the 3Ј-end and L. intracellularis primers A and C 7 as 5Ј-overhang. The downstream primer (58-bp long) was composed of a part of the human ␤-actin DNA sequence at the 3Ј-end and L. intracellularis primers B and D 7 as 5Ј-overhang ( Fig. 1 ). The resulting mimic molecule had a larger size (596 bp) than the L. intracellularis amplicon (319 bp) to preclude that the mimic would have competitive advantages toward the target template in future diagnostic PCR.
The MP-PCR was carried out in a total volume of 50 l. The reaction mixture consisted of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 100 M of each dNTP, 1 U Taq DNA polymerase, c and 15 pmol of each primer. Twenty picograms of a pUC18 plasmid, carrying a fragment of human ␤-actin DNA, was used as the template in the reaction. Amplification was performed in a DNA Thermal Cycler. d Each cycle consisted of denaturation at 95 C for 60 sec, annealing at 58 C for 60 sec, and elongation at 72 C for 60 sec. The reaction was continued for 30 cycles and finally run at 72 C for 10 min. The resulting product, the mimic amplicon, consisted partly of the selected primer sequence from L. intracellularis and partly of a sequence from human ␤-actin DNA.
Cloning and purification of the mimic. The L. intracellularis mimic amplicon was purified with a commercial kit. e Circular DNA molecules are more stable under long-term storage than linear molecules, and cloning of the mimic molecules in circular plasmids results in a more reliable internal standard. Thus, the purified product was polished, ligated into a plasmid, and transferred into an electroporation-competent cell, as described by the manufacturer. f The insert-containing cells were selected by cultivation on agar plates containing LB-ampicillin, X-gal, and isopropyl-beta-D-thiogalactopyranoside (IPTG) and were multiplied in LB-broth. The plasmids were prepared with a purification kit. g Finally, the concentration of the mimic molecules was calculated from the A 260 value. h Aliquots of the diluted mimic were kept at Ϫ20 C.
The number of mimics in diagnostic PCR. To determine the sensitivity of PCR when no inhibitors were present, 1-10 8 mimic molecules per PCR were used as sole templates in a nested PCR for L. intracellularis, using the primer pairs A ϩ B and C ϩ D. 7 To determine the expected decrease in sensitivity when PCR was performed on fecal samples, a negative fecal sample was spiked with the mimic and subjected to single and nested PCR. Aliquots of 0.1 g of the fecal sample were prepared by a boiling procedure as previously described, 14 and the PCR mixture was spiked with 10-10 5 mimic molecules. The fecal sample originated from a healthy pig that had previously been found to be negative for L. intracellularis by necropsy and by PCR performed on tissue samples (Jacobson MJ, et al.: 2000, The 16th IPVS Cong., Melbourne, Australia, p. 74).
To determine the level of competition between the mimic and the target template, Clinical samples. Altogether, 60 clinical fecal samples of unknown status with respect to L. intracellularis were subjected to PCR. Twenty samples were collected from piglets of free-living wild boars. The animals originated from 5 different locations in Sweden, and the samples were collected after the pigs had been shot. The other samples were collected from 40 piglets originating from 25 herds. The piglets were 5-13 weeks old and were submitted for necropsy at the National Veterinary Institute, Uppsala, Sweden. Twenty pigs had a case history of diarrhea, whereas 20 pigs had a case history suggestive of diseases other than diarrhea. The samples were prepared in duplicate as previously described 14 and subjected to nested PCR in accordance with other previously described methods. 7 Before the PCR, 10 3 mimic molecules were added to each PCR tube. The positive control was diluted 10 2 times, and a negative control was also included.
Five microliters of the PCR products was analyzed by 1.5% Na-agarose gel electrophoresis in 1ϫ TBE buffer, stained with ethidium bromide, and observed by UV light. The size of the products was compared with that of a known standard. i
Results
Cloning and purification of the mimic. The MP-PCR resulted in a 596-bp mimic molecule, as observed by gel electrophoresis. After purification, ligation, and electroporation, 6 colonies were considered to contain the insert (i.e., white-colored colonies). The colonies were subjected to PCR with each of the 2 L. intracellularis-specific primer pairs, A ϩ B and C ϩ D, 7 and 1 colony that produced a distinct, clearly detectable band was chosen for further processing.
The number of mimics in diagnostic PCR. The amplification of 1-10 8 mimic molecules, diluted in water, gave detectable products in both single and nested PCR, although less than 10 mimics per PCR resulted in a weak signal in single PCR. When a processed negative fecal sample was spiked with the mimic, no product was detected in single PCR, whereas nested PCR was able to detect 10 2 molecules per PCR (Fig.  2) .
When 10 2 mimic molecules were subjected to nested PCR together with the positive control diluted 10 4 times, the mimic was not detected. When 10 3 mimic molecules were coamplified with the positive control, the amount of product seemed about equal, and 10 4 mimic molecules gave a more intense signal than the positive control, as observed by electrophoresis and staining ( Fig. 3) . When the positive control was diluted 10 3 or 10 2 times and subjected to PCR together with 10 3 mimic molecules, the mimic amplicon was weak or not detectable. On the basis of these results, 10 3 mimic molecules per PCR was chosen as the preferred concentration for use in nested PCR performed on fecal samples. Clinical samples. In 14 wild boar samples, in 8 samples from pigs without diarrhea, and in 3 samples from pigs with diarrhea, neither the mimic nor any other PCR product was obtained. In pigs with diarrhea, 7 samples were found to be positive for L. intracellularis, and in pigs with other diseases, 2 samples were positive. The remaining 6 wild boar samples, 10 diarrheic samples, and 10 samples from pigs without diarrhea were judged as negative because only the mimic was observed in nested PCR (Table 1 ).
Discussion
The diagnosis of L. intracellularis in feces is difficult because the problems associated with cultivation rule out this method as a diagnostic tool. Thus, it is important to have access to other reliable diagnostic methods. Several studies on the presence of L. intracellularis in fecal samples discuss the intermittent shedding of the organism as a major disadvantage in the PCR-based diagnosis (Dünser M, et al.: 2000, The 16th IPVS Cong., Melbourne, Australia, p. 59). 8, 9 The degree of shedding is, however, difficult to assess if a problem with false-negative PCR results occurs. 13 The present study indicates that the mimic is a useful tool to detect inhibition in fecal samples subjected to PCR. A sensitivity of less than 10 molecules per PCR assay was achieved when the mimic diluted in water was subjected to analysis, which demonstrates a high sensitivity of the PCR. However, when the mimic was spiked in fecal preparations, the sensitivity decreased to 10 2 mimic molecules per 0.1 g feces. Other studies using PCR for the detection of L. intracellularis in fecal samples report a similar sensitivity, 4,7,11 which indicates that inhibitory substances are present to some degree in most fecal samples. These studies stated the sensitivity as ''adequately sensitive'' and ''sensitive and accurate'' with respect to L. intracellularis. Thus, one might consider accepting the presence of inhibitory factors to some degree in fecal samples and instead establish an acceptable level of detection. Be-cause a pig with clinical Proliferative enteritis (PE) will shed up to 10 8 organisms per gram feces, 18 a sensitivity of 10 3 organisms per gram feces might well be considered as ''acceptable.'' Such a degree of sensitivity may be appropriate for the diagnosis of clinical disease but would not establish whether animals are free of infection.
Depending on the ratio of the mimic concentration to the target molecule concentration, the amplification will yield different results. Because a false-negative result may occur if the mimic outnumbers the target, the smallest possible concentration of the mimic should be used in the amplification reaction. If the sample harbors a large number of target molecules, these will outnumber the mimic, and only the target will be observed after PCR. If the sample contains a smaller amount of target molecules, both the target and the mimic will be observed. Only the mimic will be seen if the sample is negative with respect to the target. On the other hand, neither the target nor the mimic will be amplified if PCR inhibitors are present to a large extent. To avoid competition with the target template, 1 the number of mimic molecules subjected to PCR should be less than the expected number of target molecules in the sample preparation. They should, however, still be numerous enough to overcome the acceptable level of inhibition achieved by this sample preparation method. When the mimic was spiked in fecal samples, a sensitivity of 10 2 mimic molecules per 0.1 g feces was achieved. However, the number of mimic molecules was set to 10 3 molecules per PCR because 10 2 mimic molecules were rarely detected in clinical samples. Because 10 4 mimics did not outnumber the positive control at any of the dilutions studied, the mimic should still not outnumber the target template at this concentration.
When different dilutions of the mimic and the positive control were coamplified in PCR, 10 3 mimic molecules were outnumbered by the positive control DNA diluted 10 3 times. When the positive control was diluted 10 4 times, the signal from the observed products seemed equally strong, which might suggest that the concentration of the mimic and the target molecule was more or less equal in these dilutions. If the amplification capacity is assumed to be equal for mimic and target molecules, one can calculate that the undiluted control sample would thus contain approximately 10 7 L. intracellularis per microliter.
Seven of the 20 clinical samples from pigs with diarrhea were positive for L. intracellularis. This is in agreement with the findings of Möller et al. 14 where 30% of growing pigs with diarrhea were found to be positive by PCR. However, the degree of inhibition was not determined. In the present study, 25 of 60 samples were not amplified because of inhibition. Of these, 3 samples originated from pigs with diarrhea, whereas the remaining 22 inhibited samples were from pigs without diarrhea. This result suggests that less inhibitory factors were present in samples from pigs with diarrhea. Fourteen of the inhibited samples originated from wild boars, and it could be discussed whether different feed compounds directly or indirectly might alter the amount of inhibitory factors in feces. Little is known about the properties of these inhibitors and their mode of action, and further studies on this subject are warranted.
In conclusion, small amounts of the mimic could be amplified efficiently by the same primers that amplified DNA from L. intracellularis. When the mimic was applied on clinical fecal samples, it was amplified to a lesser degree, which indicated that the amplification reaction was not optimal. Thus, the mimic can be used as an internal control in the diagnosis of L. intracellularis to indicate inhibition of the PCR system.
